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7KH VLQJOHSKDVH JDV IORZ EHKDYLRXU RI D &ORVHG &RXSOHG *DV $WRPL]DWLRQ &&*$ ZDV
LQYHVWLJDWHGZLWKIRXUGLIIHUHQWPHOWQR]]OHVWLSGHVLJQVZLWKWZRW\SHVRIJDVGLH3DUWLFXODU
DWWHQWLRQ ZDV SDLG WR WKH RSHQ WR FORVHGZDNH WUDQVLWLRQ ([SHULPHQWDO 6FKOLHUHQ LPDJLQJ
DQGQXPHULFDOPRGHOOLQJWHFKQLTXHVZHUHHPSOR\HGZLWKJRRGDJUHHPHQWEHWZHHQWKHWZR
EHLQJ IRXQG LQ UHODWLRQ WR WKH :DNH &ORVXUH 3UHVVXUH :&3 ,W ZDV IRXQG WKDW WKH PHOW
QR]]OH WLSGHVLJQKDGD VLJQLILFDQW LPSDFWRQ WKH:&3DVGLG WKH W\SHRIGLHXVHGZLWKD
&RQYHUJHQW'LYHUJHQW&'JDVGLHJLYLQJVLJQLILFDQWO\KLJKZDNHFORVXUHSUHVVXUHV

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 ,,QWURGXFWLRQ
7KHJDV DWRPL]DWLRQ SURFHVV SDUWLFXODUO\ &ORVHG &RXSOHG*DV$WRPL]DWLRQ &&*$ LV DQ
HIILFLHQWPHWKRGIRUWKHSURGXFWLRQRIXOWUDILQHKLJKO\VSKHULFDOPHWDOSRZGHUV,QSULQFLSOH
&&*$LVVWUDLJKWIRUZDUGKLJKSUHVVXUHJDV MHWV LPSLQJLQJXSRQDPROWHQPHWDOVWUHDPDUH
XVHGWRGLVUXSWWKHVWUHDPEUHDNLQJLWLQWRDVSUD\RIILQHGURSOHWV7KHJDVLVGHOLYHUHGYLDD
GLHWKDWZLOOW\SLFDOO\EHRIHLWKHUWKHDQQXODUVOLWRUGLVFUHWHMHWW\SH,QDQDQQXODUVOLWGLHWKH
JDVSDVVWKURXJKDQDUURZFKDQQHOEHWZHHQWKHGLHDQGWKHRXWHUVXUIDFHRIWKHPHOWGHOLYHU\
QR]]OHZKLOHLQDGLVFUHWHMHWGLHWKHJDVLVGHOLYHUHGWKURXJKKROHVPDFKLQHGGLUHFWO\LQWRWKH
GLH/LTXLGPHWDO LV WKHQ IHGGRZQ WKH FHQWUDO ERUHRI WKHPHOW GHOLYHU\QR]]OHZKHUHLQ LW
ZHWVWKHQR]]OHWLSDSURFHVVWHUPHGSUHILOPLQJZKLFKLVLWVHOIGHSHQGHQWXSRQWKHJDVIORZ
FRQGLWLRQVDQGLVVWULSSHGRIIWKHFLUFXPIHUHQWLDOHGJHRIWKHQR]]OHE\WKHJDVVHHILJXUH
+RZHYHU GXH WR K\GURG\QDPLF DQG WKHUPDO LQWHUDFWLRQ EHWZHHQ WKH KLJKSUHVVXUH JDV MHWV
DQGPROWHQPHWDOVWUHDPHVSHFLDOO\QHDUWKHWLSRIWKHPHOWGHOLYHU\QR]]OHWKHWHFKQLTXHLV
LQ SUDFWLVH YHU\ FRPSOH[ DQG FKDOOHQJLQJ IRU ERWK DFDGHPLF XQGHUVWDQGLQJ DQG LQGXVWULDO
SUDFWLFH7KHJDVIORZSDWWHUQDURXQGWKHPHOWGHOLYHU\QR]]OHSOD\VDFUXFLDOUROHLQWKHJDV
DWRPL]DWLRQSURFHVVDQGPD\DIIHFWWKHSDUWLFOHVL]HGLVWULEXWLRQDQGDWRPL]DWLRQHIILFLHQF\
,QSUHYLRXVVWXGLHVWKHJDVIORZSDWWHUQDURXQGWKHPHOWGHOLYHU\QR]]OHKDVEHHQGLYLGHGLQWR
WZRSDUWVWKHQHDUILHOGDQGWKHIDUILHOGUHJLRQV7KHQHDUILHOGLVDQDUHDDERXWWR''
EHLQJ WKHGLDPHWHU RI WKH WLSRI WKH PHOW GHOLYHU\QR]]OH DW ZKLFK SUHILOPLQJRFFXUV VHH
ILJXUHGRZQVWUHDPRIWKHPHOWQR]]OHWLSDQGLQZKLFKSULPDU\EUHDNXSRFFXUV%H\RQG
WKLVLVUHIHUUHGWRDVIDUILHOGDQGLVWKHUHJLRQLQZKLFKVHFRQGDU\EUHDNXSRFFXUV
7\SLFDOJDVIORZSDWWHUQVIRUDFORVHFRXSOHGDWRPL]HUDUHVKRZQLQ)LJXUH7KHJDVH[LWLQJ
WKH GLH LV XQGHUH[SDQGHG DQG XSRQ HQFRXQWHULQJ WKH ORZ SUHVVXUH UHJLRQ QHDU WKH PHOW
GHOLYHU\ QR]]OH ZLOO H[SDQG UDSLGO\ EHIRUH FRPSUHVVLQJ DJDLQ IRUPLQJ D VHULHV RI
 UHFRPSUHVVLRQ VKRFNV 7KH UHIOHFWLRQ RI WKH H[SDQVLRQ ZDYH IURP WKH VRQLF ERXQGDU\ ZLOO
IRUPDQLQWHUQDOVKRFNZDYHDWWKHWLSRIWKHPHOWGHOLYHU\QR]]OH7KHUHJLRQRIUHFLUFXODWLQJ
VXEVRQLF JDV GLUHFWO\ EHORZ WKH PHOW QR]]OH DQG ERXQGHG E\ WKH VRQLF ERXQGDU\ DQG
UHFRPSUHVVLRQ VKRFNV LV WKH ZDNH UHJLRQ DOVR VRPHWLPHV UHIHUUHG WR DV WKH UHFLUFXODWLRQ
]RQH,WLVKHUHWKDWSULPDU\EUHDNXSRFFXUV
9DULRXVVWXGLHVLQFOXGLQJWKRVHE\$QGHUVRQHWDO>@7LQJHWDO>@DQG0DWHVHWDO>
@ KDYH REVHUYHG WZR SRVVLEOH IRUPV IRU WKH ZDNH UHJLRQ GHSHQGLQJ XSRQ WKH JDV LQOHW
SUHVVXUH$W KLJK JDVSUHVVXUH WKH LQWHUQDO VKRFNV H[SDQG GRZQVWUHDP LQ IURQW RI WKH PHOW
GHOLYHU\ QR]]OH FURVVLQJ WR IRUP D 0DFK GLVN 7KLV JLYHV ULVH WR KLJK SUHVVXUH DW WKH
DWRPL]DWLRQ WLS DQG LV WHUPHG WKH FORVHGZDNH FRQGLWLRQ &RQYHUVHO\ DW ORZHU JDV LQOHW
SUHVVXUHD0DFKGLVNZLOOQRWEHSUHVHQWOHDGLQJWRWKHRSHQZDNHFRQGLWLRQZKLFKJLYHVD
UHJLRQRIORZSUHVVXUHDWWKHPHOWGHOLYHU\QR]]OHWLS7KH\REVHUYHGWKDWWKHZDNHVKDSHLQ
IURQW RI WKH PHOW QR]]OH WLS DIIHFWV WKH DWRPL]DWLRQSURFHVVE\ LQFUHDVLQJ WKHRYHUDPELHQW
SUHVVXUHLQWKHZDNHUHJLRQLQWKHFORVHGZDNHFRQGLWLRQDQGKHQFHGHFUHDVLQJWKHPHOWIORZ
UDWHLQVLGHWKHPHOWGHOLYHU\QR]]OH&RQYHUVHO\WKHRSHQZDNHFRQGLWLRQFDXVHVVXEDPELHQW
SUHVVXUHLQWKHZDNHUHJLRQDQGLQFUHDVHVWKHPHOWIORZUDWHLQVLGHWKHPHOWGHOLYHU\QR]]OH
7KHJDVSUHVVXUHDERYHZKLFKWKHZDNHUHJLRQLVLQWKHFORVHGFRQGLWLRQDQGEHORZZKLFKLW
LVLQWKHRSHQFRQGLWLRQLVWHUPHGWKHZDNHFORVXUHSUHVVXUH:&3
0DWHVHWDO  >@$QGHUVRQHWDO>@DQG7LQJHWDO >@KDYHUHSRUWHG WKH:&3WREH
GHSHQGHQWRQDYDULHW\RISDUDPHWHUVVXFKDVJDVGLHLQOHWSUHVVXUHJDVGLHDSH[DQJOHDQG
WKH H[WHUQDO JHRPHWU\RI WKH PHOWGHOLYHU\QR]]OH ,Q DGGLWLRQ WKH\REVHUYHG WKDW GLIIHUHQW
JDVGLHGHVLJQVIRULQVWDQFHWKHXVHRIFKRNHGMHWVRUWKRVHZLWKDFRQYHUJHQWGLYHUJHQW&
'SURILOHFRXOGDIIHFWWKHJDVIORZILHOGDWWKHPHOWGHOLYHU\QR]]OHWLSDQGFRQVHTXHQWO\WKH
:&3)RUJDVMHWV LQZKLFK WKHLQWHUQDOSURILOH LVF\OLQGULFDORUSXUHO\FRQYHUJHQWFKRNHG
IORZZLOORFFXUZLWKDPD[LPXPH[LWYHORFLW\RI0DFKDQGUDSLGXQFRQVWUDLQHGH[SDQVLRQ
 RI WKHJDVXSRQH[LW&RQYHUVHO\ IRUD&'MHWHIILFLHQWH[SDQVLRQRI WKHJDV LQVLGH WKH MHW
SHUPLWVDFRQWUROOHGH[SDQVLRQRIWKHJDVZLWKVXSHUVRQLFH[LWYHORFLW\)RUDJLYHQRSHUDWLQJ
SUHVVXUHWKHPDVVIORZUDWHLVQRUPDOO\GHWHUPLQHGE\WKHRXWOHWDUHDIRUDSODLQMHWDQGE\WKH
WKURDWDUHDWKHUHJLRQRIPLQLPXPFURVVVHFWLRQZKHUHWKHSURILOHFKDQJHVIURPFRQYHUJHQW
WR GLYHUJHQW IRU D &' MHW 7KH PDVV IORZ UDWHV FDQ WKHUHIRUH EH VLJQLILFDQWO\ GLIIHUHQW
EHWZHHQWKHWZRJHRPHWULHVXQOHVVWKHSLSHWKURDWGLDPHWHUVKDYHEHHQVHOHFWHGDFFRUGLQJO\
:DNHFORVXUH LVDQDUHDRI LQWHUHVW LQ WKHVWXG\RIJDVDWRPL]DWLRQEHFDXVH DV UHSRUWHGE\
7LQJHWDO >@ LW LVEHOLHYHG WKDWRSHUDWLQJ WKHV\VWHPDWDSUHVVXUH MXVWDERYH WKH:&3LV
EHQHILFLDO IRU SURGXFLQJ ILQHU DQG PRUH XQLIRUP SRZGHUV $ QXPEHU RI UHVHDUFKHUV KDYH
WKHUHIRUHLQYHVWLJDWHGWKHIDFWRUVDIIHFWLQJ:&3ERWKH[SHULPHQWDOO\DQGQXPHULFDOO\
0LHW DO >@ FRPSDUHG WKH UHVXOWVRIQXPHULFDO VLPXODWLRQRIJDV±RQO\ IORZDURXQGD PHOW
QR]]OH ZLWK H[SHULPHQWDO GDWD 7KH YDULDWLRQ RI UHFLUFXODWLRQ ]RQH OHQJWK ZDNH FORVXUH
SUHVVXUHDQG0DFKGLVNIRUPDWLRQZLWKDWRPL]DWLRQJDVSUHVVXUHZHUHLQYHVWLJDWHGZLWKJRRG
DJUHHPHQWEHLQJ IRXQG EHWZHHQ WKH VLPXODWLRQV DQG H[SHULPHQWDOGDWD7KH\GHPRQVWUDWHG
WKH JDV IORZ EHKDYLRXU DURXQG WKH PHOW QR]]OH LV D VWURQJ IXQFWLRQ RI DWRPL]DWLRQ JDV
SUHVVXUHV0RUHRYHUWKHLUQXPHULFDOUHVXOWVLQGLFDWHGWKDWWKHRSHQWRFORVHGZDNHWUDQVLWLRQ
LVVWURQJO\DIIHFWHGE\FKDQJLQJWKHPHOWQR]]OHOHQJWK7RQJHWDO>@DQG;LQPLQJHWDO>@
UHSRUWHGDFRPSDULVRQRIQXPHULFDODQG6FKOLHUHQLPDJLQJVWXGLHVRQWKH:&3DVDIXQFWLRQ
RI DWRPL]DWLRQ JDV SUHVVXUHV XVLQJ DQ DQQXODU VOLW &' GLH 7KH\ XVHG D IODW WLSSHG PHOW
GHOLYHU\QR]]OH DQGVKRZHG WKHQXPHULFDO VLPXODWLRQRI WKHJDV IORZ ILHOG WREH LQDJRRG
DJUHHPHQWZLWK LPDJHVREWDLQHGZLWK WKHVDPHQR]]OHDQGGLHGHVLJQ LQ6FKOLHUHQ LPDJLQJ
H[SHULPHQWV DOWKRXJK WKH\ IRXQG WKDW WKH H[SHULPHQWDOO\ GHWHUPLQHG :&3 ZDV
V\VWHPDWLFDOO\VOLJKWO\KLJKHUWKDQLQWKHQXPHULFDOVLPXODWLRQV
 7LQJHWDO>@KDYHSUHVHQWHGD&)'VWXG\RIWKHRSHQWRFORVHGZDNHWUDQVLWLRQLQWKH&&*$
SURFHVV7KH\QXPHULFDOO\PRGHOOHGVLQJOHSKDVHJDV IORZDURXQGD IODW WLSSHGPHOWQR]]OH
ZLWK D FKRNHG JDV GLH DV D IXQFWLRQ RI JDV SUHVVXUHV 7KHLU QXPHULFDO UHVXOWV VKRZHG WZR
VHSDUDWH ]RQHV RI SULPDU\ DQG VHFRQGDU\ UHFLUFXODWLRQ ]RQH LQ IURQW RI WKH PHOW GHOLYHU\
QR]]OHWRJHWKHUZLWK0DFKGLVNIRUPDWLRQLQWKHFORVHGZDNHFRQGLWLRQ
0DWHVHWDO>@KDYHXVHGWKH6FKOLHUHQLPDJLQJWHFKQLTXHWRVWXG\VLQJOHSKDVHJDVIORZ
DURXQG D PHOW GHOLYHU\ QR]]OH ZLWK D IODW WLSSHG KHDG DQG ZLWK WZR GLH W\SHV RQH ZLWK
FRQYHUJHQW MHWV DQG WKH RWKHU ZLWK &' MHWV 7KH\ REVHUYHG WKH RSHQ WR FORVHGZDNH
WUDQVLWLRQYLDWKHIRUPDWLRQRID0DFKGLVNDWDJDVSUHVVXUHRI03DIRUWKHFRQYHUJHQW
JDVGLHEXWUHSRUWHGWKHRSHQZDNHFRQGLWLRQSHUVLVWHGIRUWKH&'JDVGLHWRSUHVVXUHDERYH
03D
:KHUHWKHHIIHFWRIPHOWQR]]OHJHRPHWU\KDVSUHYLRXVO\EHHQVWXGLHGRQWKHRSHQWRFORVHG
ZDNH WUDQVLWLRQ WKLV KDV EHHQ DV D IXQFWLRQ RI WKH H[WHUQDO QR]]OH JHRPHWU\ 7KLV SDSHU
SUHVHQWV D VWXG\ LQ ZKLFK WKH 6FKOLUHUQ LPDJLQJ WHFKQLTXH DQG &)' VLPXODWLRQ IRU VLQJOH
SKDVHJDVIORZDUHXVHGWRLQYHVWLJDWHWKHRSHQWRFORVHGZDNHWUDQVLWLRQIRUIRXUGLIIHUHQW
PHOWQR]]OHVDOORIZKLFKKDYHVDPHH[WHUQDOJHRPHWU\EXWZLWKGLIIHUHQWLQWHUQDOSURILOHV
)XUWKHUPRUH ERWK FKRNHG DQG &' JDV GLHV ZHUH XVHG LQ FRPELQDWLRQ ZLWK WKHVH PHOW
QR]]OHVDQGWKHUHVXOWVFRPSDUHG
,,([SHULPHQWDOSURFHVV
7R YLVXDOLVH WKH JDV IORZ DURXQG WKH PHOW GHOLYHU\ QR]]OH DQ DQDORJXH DWRPL]HU KDV EHHQ
FRQVWUXFWHG WR VWXG\ WKH VLQJOHSKDVHJDV IORZDVD IXQFWLRQRIGLH DQGQR]]OHJHRPHWU\ LQ
DEVHQFHRIDVHFRQGDWRPL]HGIOXLGLHPHWDO7KH7|SOHU6FKOLHUHQOHQVDUUDQJHPHQWKDV
EHHQ FKRVHQ IRU REVHUYLQJ WKH JDV IORZ ILHOG $LU ZDV XVHG DV WKH DWRPL]LQJ JDV DQG ZDV
VXSSOLHGIURPIRXUPF\OLQGHUVZLWKPD[LPXPSUHVVXUHRI03D7KHF\OLQGHUVZHUH
 FRQQHFWHGWRWKHLQOHWVLGHRIDKLJKSUHVVXUHUHJXODWRUWRVXSSO\DVWHDG\JDVIORZWRWKHJDV
GLH DW SUHVVXUHV XS WR  03D $ VFKHPDWLF YLHZ RI WKH DQDORJXH DWRPL]HU DQG 7|SOHU
6FKOLHUHQVHWXSLVVKRZQLQ)LJXUH7KH6FKOLHUHQLPDJHVZHUHUHFRUGHGZLWKDKLJKVSHHG
GLJLWDOPRWLRQDQDO\]HURSHUDWLQJDWD IUDPHUDWHRIISVDQGD UHVROXWLRQRIî
SL[HOV7KHILHOGRIYLHZGXULQJWKHVHH[SHULPHQWVZDVW\SLFDOO\IURPWKHQR]]OHH[LWWR'
GRZQVWUHDPIURPWKHQR]]OHH[LWDQGWKHGXUDWLRQRIHDFKH[SHULPHQWZDVDERXWVHFRQGV
7KLVUXQQLQJWLPHZDVFKRVHQGXHWRWKHPD[LPXPUHFRUGLQJWLPHRIWKHKLJKVSHHGFDPHUD
DW WKH VHOHFWHG LPDJH UHVROXWLRQ 7KLV LPDJLQJ FRQILUPHG WKDW WKH JDV IORZ ZDV H[WUHPHO\
VWHDG\WKURXJKRXW WKHGXUDWLRQRI WKHH[SHULPHQWDQGIRU WKLVUHDVRQZHKDYHXVHGVHOHFWHG
VWLOOVDVEHLQJUHSUHVHQWDWLYHRIWKHIORZ
 7KHJDVGLHV\VWHPVIRUERWKFKRNHGIORZDQG&'IORZFRPSULVHDGLVFUHWHMHWDUUDQJHPHQW
ZLWK  KROHV DQG DQ DSH[ DQJOH RI  GHJUHHV 7KH &' GLH ZDV GHVLJQHG ZLWK D WKURDW
GLDPHWHURIPPDQGDQH[LWGLDPHWHURIPP6WDQGDUGLVHQWURSLFIORZWKHRU\WKHQ
JLYHVWKHJDVH[LWYHORFLW\DV0DFKZLWKWKHUDWLRRILQOHWRXWOHWSUHVVXUHDVJLYLQJ
DQ LGHDO RSHUDWLQJ SUHVVXUH RI ∼ 03D DVVXPLQJ WKH RXWOHW LV DW VWDQGDUG DWPRVSKHULF
SUHVVXUH 7KH&' MHWVZHUHPDFKLQHG LQWR WKHEODQNGLHE\ILUVWGULOOLQJDF\OLQGULFDO
SLORWKROHWRWKHWKURDWGLDPHWHU7KHGLHZDVWKHQSODFHGRQDVSHFLDOO\FRQVWUXFWHGJLPEDO
ZLWK('0PDFKLQLQJEHLQJXVHGWRRSHQWKHRXWOHWRIWKHMHWWRWKHGHVLUHGGLDPHWHU7KLVLV
DFKLHYHGE\URWDWLQJWKH('0ZLUHDWDQDQJOHRIIVHWIURPWKDWRIWKHD[LVRIWKHSLORWKROH
)RXUGLIIHUHQWPHOWQR]]OHGHVLJQV GHVLJQDWHGKHUH W\SHWRZHUHPDGHIURPEUDVVDQG
PRXQWHG RQ WKH DQDORJXH DWRPL]HU )LJXUH  VKRZ WKH GHWDLO RI WKH YDULRXV JHRPHWULHV
FRQVLGHUHGIRU WKHPHOWGHOLYHU\QR]]OHVLQ WKLVVWXG\JLYHVDVFKHPDWLFYLHZRIQR]]OHGLH
DVVHPEO\DQGVKRZVWKHFKRNHGDQG&'JDVMHWSURILOH

 
,,,1XPHULFDOPRGHOSURFHGXUH
7KHFRPPHUFLDO&)'FRGH$16<6)OXHQWZDVXVHGWRVROYHWKHVHWRIPDVVHQHUJ\DQG
PRPHQWXPFRQVHUYDWLRQ5H\QROGV1DYLHU6WRNHVHTXDWLRQVXVLQJDILQLWHYROXPHDSSURDFK
%DVHG RQ WKH 6FKOLHUHQ LPDJLQJ VWXG\ LQ ZKLFK YHU\ VWHDG\ IORZ ZDV REVHUYHG VROXWLRQV
ZHUHUHVWULFWHGWRWKHVWHDG\VWDWHFDVH$UDQJHRIGLIIHUHQWWZRHTXDWLRQWXUEXOHQFHPRGHOV
ZHUH DSSOLHG GXULQJ WKH LQYHVWLJDWLRQ ZLWK WKH UHVXOWV EHLQJ UHODWLYHO\ LQVHQVLWLYH WR WKH
FKRLFH PDGH SURYLGLQJ FRQILGHQFHV LQ WKH QXPHULFDO FDOFXODWLRQV SUHVHQWHG 7KH 667 NȦ
PRGHOKDVEHHQDSSOLHGLQWKHUHVXOWVSUHVHQWHGKHUHWRFORVHWKH5H\QROGVVWUHVVWHUPVLQWKH
WXUEXOHQFHPRGHO7KH&)'VHQVLWLYLW\ WR WKH WXUEXOHQFHPRGHOXVHG LVFRQVLGHUHG LQPRUH
GHWDLOE\0RWDPDQHWDO>@7KHPROWHQPHWDOZDVRPLWWHGIURPWKHPRGHODV WKHDLPRI
WKLVVWXG\LVWRXQGHUVWDQGWKHVLPSOLILHGVLWXDWLRQRIWKHKLJKYHORFLW\JDVMHWIORZEHKDYLRXU
DURXQG WKH PHOW GHOLYHU\ QR]]OH 7KH 6,03/( DOJRULWKP ZDV DSSOLHG ZLWK DQ LPSOLFLW QG
RUGHUXSZLQGVFKHPHWRVROYHWKHJRYHUQLQJHTXDWLRQV7KHJRYHUQLQJHTXDWLRQVZHUHVROYHG
IRU WKH U] FRPSRQHQWV RI D F\OLQGULFDO V\VWHP ZKLFK LV LQGHSHQGHQW RI ĳ WKLV KDYLQJ
SUHYLRXVO\KDYHEHHQVKRZQWREHDUHDVRQDEOHDSSUR[LPDWLRQLQWKLVFDVHE\7LQJHWDO>@
0LHWDO>@DQG7RQJHWDO>@7KHFRPSXWDWLRQGRPDLQDQGWKHQR]]OHRXWOLQHGDUHVKRZQ
LQ)LJXUHZLWKWKHIORZGLUHFWLRQEHLQJIURPOHIWWRULJKW
,QRUGHUWRHYDOXDWHWKHHIIHFWRIPHVKLQJRQWKH&)'UHVXOWVDVHULHVRIKLJKTXDOLW\PHVKHV
ZHUHGHYHORSHGRQ WKHQXPHULFDOGRPDLQZLWK LQFUHDVLQJVSDWLDO UHVROXWLRQRI
DQG  HOHPHQWV ,W ZDV HVWDEOLVKHG WKDW WKH UHVXOWV ZKHUH WKH PHVK FRQWDLQLQJ 
HOHPHQWVRUPRUHZHUHDFFHSWDEO\PHVK LQGHSHQGHQWDQG WKHVHZHUHVXEVHTXHQWO\XVHG IRU
WKH VLPXODWLRQV UHSRUWHG KHUH 0RUH GHWDLOV RI PHVK LQGHSHQGHQFH VWXG\ DUH GLVFXVVHG LQ
0RWDPDQHWDO>@
 $ UDQJH RI DWRPL]DWLRQ JDV SUHVVXUHV IURP  WR  03D ZHUH FRQVLGHUHG IRU WKH SUHVVXUH
LQOHWERXQGDU\FRQGLWLRQ WR WKHJDV LQOHW LQ WKHFDVHRI WKH&'GLHJDVSUHVVXUHVEHORZ
03DOHDGWRDQRYHUH[SDQGHGIORZZKLOHSUHVVXUHVDERYH03DOHDGWRDQXQGHUH[SDQGHG
IORZ 7KHRXWOHW RI WKH GRPDLQ GRZQ VWUHDP RI WKH PHOW QR]]OHZDV WDNHQ DV DSUHVVXUH
FRQGLWLRQ DW DWPRVSKHULF SUHVVXUH 7KH RXWHU ERXQGDULHV IRU WKH FKDPEHU PHOW GHOLYHU\
QR]]OH DQG WKH JDV GLH ZHUH FRQVLGHUHG DV D ZDOO ZLWK QRVOLS YHORFLW\ FRQGLWLRQ )RU WKH
ERXQGDU\ ODEHOOHG µ8SSHU GRPDLQ ERXQGDU\¶ LQ )LJXUH  WZR ERXQGDU\ PRGHOV ZHUH
FRQVLGHUHG D ZDOO ZLWK QRVOLS FRQGLWLRQ DQG DQ DWPRVSKHULF SUHVVXUH RXWOHW &DOFXODWLRQV
KDYHEHHQXQGHUWDNHQIRUERWKW\SHVRIERXQGDU\FRQGLWLRQ,WZDVIRXQGWKDWWKHUHVXOWVZHUH
FRPSDUDEOHIRUERWKERXQGDU\FRQGLWLRQVDQGDVVXFKWKHZDOOERXQGDU\ZDVXVHGVLQFHWKLV
SURYLGHGPRUHFRQVLVWHQWFRQYHUJHQFH,QDGGLWLRQIRUWKHWKHUPDOERXQGDU\FRQGLWLRQDWWKH
XSSHUERXQGDU\IORZLQOHWDQGRXWOHWWKHJDVWHPSHUDWXUHZDVVHWDW.,QVXPPDU\WKH
DVVXPSWLRQVPDGHLQUHJDUGRIWKHQXPHULFDOPRGHOPD\EHVWDWHGDVIROORZV
)ORZLVFRQVLGHUHGWREHVWHDG\VWDWH
7KHHIIHFWVRIJUDYLW\DUHQHJOHFWHG
)ORZLV'D[LVV\PPHWULF
)ORZLVFRQVLGHUHGDVDLUDQGPRGHOOHGDVDFRPSUHVVLEOHLGHDOJDV
7KHLPSDFWRIWKHPROWHQPHWDOLVQRWFRQVLGHUHG

,95HVXOWV
$ 6FKOLHUHQLPDJLQJRIJDVIORZZLWKWKHFKRNHG&\OLQGULFDOGLH
$QDORJXHDWRPL]DWLRQH[SHULPHQWVZHUHXQGHUWDNHQ IRUHDFKRI WKH IRXUQR]]OH W\SHVZLWK
ERWK WKH FKRNHG F\OLQGULFDO DQG &'JDVGHOLYHU\GLHV DW SUHVVXUHVRI03DZLWK WKH
SUHVVXUHEHLQJLQFUHDVHGLQ03DLQFUHPHQWV)LJXUHXSSHUILJXUHVKRZVDVWLOOVHWRI
LPDJHVRIWKHJDVIORZDURXQGQR]]OHVW\SHWRDWJDVSUHVVXUHRI03DZLWKWKHFKRNHG
 JDV GLH $W WKLV LQOHW SUHVVXUH XSRQ H[LWLQJ WKH GLH WKH JDV LV DERYH DPELHQW SUHVVXUH
UHVXOWLQJ LQ WKHJHQHUDWLRQRID VHULHVRIREOLTXHVKRFNVDURXQG WKHPHOWQR]]OH WLS7KHVHV
VKRFNVUHGXFH WKHJDV MHWYHORFLW\7KHJDV WKHQF\FOLFDOO\UHDFFHOHUDWHVDQGGHFHOHUDWHV WR
IRUPDVHWRI3UDQGWO0H\HUZDYHVGRZQVWUHDPIURPWKHPHOWQR]]OHWLS$WWKLVSUHVVXUHDOO
QR]]OHVDUHLQRSHQZDNHFRQGLWLRQ
:LWK LQFUHDVLQJ JDV SUHVVXUH HDFK RI WKHQR]]OH W\SHV SURJUHVVLYHO\XQGHUJRHV D WUDQVLWLRQ
IURP WKHRSHQ WRFORVHGZDNHFRQGLWLRQ DOWKRXJK WKHSUHVVXUHDWZKLFK WKLVRFFXUVYDULHV
FRQVLGHUDEO\ ZLWK WKH LQWHUQDO SURILOH 1R]]OH W\SH  XQGHUJRHV WKLV WUDQVLWLRQ ILUVW DW D
SUHVVXUHRI03D IROORZHGE\ W\SHDW03DZLWK WKHKLJKHVW WUDQVLWLRQSUHVVXUH 
03D EHLQJ REVHUYHG IRU W\SHV  DQG  )LJXUH  ORZHU SDUW 7KH 0DFK GLVN LV FOHDUO\
HYLGHQW LQ HDFK RI WKH LPDJHV LQ WKH ORZHU VHFWLRQ RI )LJXUH  JLYLQJ FRQILGHQFH LQ
LGHQWLI\LQJWKHFORVHGZDNHFRQGLWLRQLQHDFKFDVH
% 6FKOLHUHQLPDJLQJRIJDVIORZZLWKWKH&'GLH
7KHJDVIORZSDWWHUQIRUWKHIRXUQR]]OHVEHLQJLQYHVWLJDWHGZKHQXVHGZLWKWKH&'JDVGLH
DWJDVSUHVVXUHVRIDQG03DDUHVKRZQLQ)LJXUH$WDSUHVVXUHRI03DXSSHUILJXUH
DQ RYHUH[SDQGHG IORZ LV H[SHFWHG ZLWK 3UDQGWO0H\HU ZDYHV EHLQJ REVHUYHG DERXW '
GRZQVWUHDPIURPWKHPHOWQR]]OHWLS6PDOOGLDPRQGVKRFNVDURXQGWKHFLUFXPIHUHQWLDOHGJH
RIWKHPHOWQR]]OHWLSDUHDOVRHYLGHQW%URDGO\VLPLODUUHVXOWVDUHREWDLQHGIRUDOOSUHVVXUHV
EHORZ03D
2Q LQFUHDVLQJ WKH JDV SUHVVXUH WR PRUH WKDQ  03D D GLIIHUHQW IORZ SDWWHUQ LV REVHUYHG
)LJXUH  ORZHU SDUW VKRZV WKH REVHUYHG JDV IORZ SDWWHUQ DW DQ LQOHW SUHVVXUH RI  03D
DOWKRXJKDVDERYHWKHIORZSDWWHUQLVUHODWLYHO\LQVHQVLWLYHWRWKHDFWXDOSUHVVXUHDSSOLHGWR
WKH JDV GLH LQ WKH UDQJH  WR  03D 7KH HPHUJLQJ MHWV DUH QRZ H[SHFWHG WR EH XQGHU
H[SDQGHGDQG3UDQGWO0H\HUZDYHVFDQEHVHHQ,QWHUHVWLQJO\DWDOOSUHVVXUHVXSWR03D
 DQG LUUHVSHFWLYH RI ZKHWKHU WKH JDV IORZ LV LQ WKH RYHU RU XQGHUH[SDQGHG FRQGLWLRQ WKH
V\VWHPUHPDLQVLQWKHRSHQZDNHFRQGLWLRQIRUDOOQR]]OHV2QWKHRWKHUKDQGLWLVH[SHFWHG
WKDWWKHFORVHGZDNHFRQGLWLRQVKRXOGEHREVHUYHGDWVXIILFLHQWO\KLJKSUHVVXUHDQGZHPXVW
FRQFOXGHWKDWWKH:&3LVDERYH03DIRUDOOQR]]OHW\SHV+RZHYHUSUHVVXUHVDERYH03D
ZHUHQRWDYDLODEOHZLWKLQWKHH[SHULPHQWDOV\VWHPXVHG
&RQVHTXHQWO\ IURP WKH UHVXOWV SUHVHQWHG DERYH ZH FRQFOXGH WKDW WKH WUDQVLWLRQ IURP WKH
RSHQWRFORVHGZDNHFRQGLWLRQRFFXUVDWVLJQLILFDQWO\KLJKHUSUHVVXUHZKHQXVLQJD&'GLH
UHODWLYHWRWKHRWKHUZLVHLGHQWLFDOFRQILJXUDWLRQZKHQXVLQJDFKRNHGF\OLQGULFDOMHWJDVGLH
&&)'VLPXODWLRQRIJDVIORZZLWKWKHFKRNHGF\OLQGULFDOJDVGLH
9HORFLW\FRQWRXUVIRUWKHIRXUGLIIHUHQWPHOWQR]]OHVDWDQDWRPL]DWLRQJDVSUHVVXUHRI03D
XVLQJWKHFKRNHGJDVGLHDUHJLYHQLQ)LJXUH)RUDOOQR]]OHVWKHKLJKYHORFLW\JDVMHWFDQEH
VHHQWRH[SDQGUDSLGO\LPPHGLDWHO\XSRQH[LWLQJWKHGLH$WWKLVSUHVVXUHWKHIORZLVLQWKH
RSHQZDNHFRQGLWLRQZKLFKZHGHWHUPLQHIURPWKHDEVHQFHRID0DFKGLVNLQIURQWRIPHOW
QR]]OH'XHWRWKHUDSLGH[SDQVLRQRIWKHJDVXSRQH[LWLQJWKHGLHREOLTXHVKRFNVDUHIRUPHG
DURXQGWKHPHOWQR]]OHWLS ZKLFKVORZGRZQWKHJDVIORZLQRUGHUWRPDWFKWKHVXUURXQGLQJ
DWPRVSKHULF SUHVVXUH 7KH JDV WKHQ XQGHUJRHV D VHULHV RI UDSLG F\FOLF DFFHOHUDWLRQV DQG
GHFHOHUDWLRQV SURGXFLQJ D VHULHV RI 3UDQGWO0H\HU ZDYHV DORQJ WKH FHQWUDO D[LV RI WKH
VLPXODWLRQ 7KHYHORFLW\ILHOGIRUDOOQR]]OHVDWWKLVSUHVVXUHLVYHU\VLPLODU
,QFUHDVLQJ WKH JDV SUHVVXUH WR  03D WKH UHFLUFXODWLRQ ]RQH IRU W\SH  KDV H[WHQGHG
IXUWKHU GRZQVWUHDP RI PHOW QR]]OH WLS EXW WKH IORZ LV VWLOO LQ WKH RSHQZDNH FRQGLWLRQ $
VLPLODUVLWXDWLRQZDVDOVRREVHUYHGIRUQR]]OHVDQGDWWKLVSUHVVXUH)LJXUH,QQR]]OH
W\SH  WKH H[SDQVLRQ ZDYH H[WHQGV GRZQ WR WKH FHQWUDO D[LV IRUPLQJ D 0DFK GLVN DQG
FRQVHTXHQWO\ D FORVHGZDNH FRQGLWLRQ ZDV REVHUYHG LQ WKLV FDVH 'XH WR WKH FORVHGZDNH
FRQGLWLRQWKHUHFLUFXODWLRQ]RQHIRUQR]]OHW\SHZDVWUXQFDWHGDQGWZRUHFLUFXODWLRQ]RQHV
 KDYH HPHUJHG RQH GRZQVWUHDP RI WKH PHOW QR]]OH WLS DQG WKH RWKHU GRZQVWUHDP RI WKH
0DFK GLVN )LJXUH  %\ ZD\ RI D TXDQWLWDWLYH YDOLGDWLRQ RI WKH QXPHULFDO UHVXOWV WKH
SRVLWLRQRI0DFKGLVNIRUQR]]OHW\SHDWDQLQOHWSUHVVXUHRI03DLVVKRZQIRUERWKWKH
6FKOLHUHQ LPDJH DQG &)' VLPXODWLRQ LQ )LJXUH  ZKHUHLQ D JRRG DJUHHPHQW PD\ EH
REVHUYHG 
$WDQDWRPL]DWLRQJDVSUHVVXUHRI03DWKHJDVIORZLQQR]]OHW\SHVDQGZDVVWLOOLQ
WKHRSHQZDNHFRQGLWLRQ+RZHYHU LQQR]]OH W\SH D0DFKGLVNZDV IRUPHGDQG WKHJDV
IORZKDGWUDQVIRUPHGIURPWKHRSHQWRFORVHGZDNHFRQGLWLRQ)RUQR]]OHVW\SHDQGWKLV
WUDQVLWLRQ LV REVHUYHG DW  03D )LJXUH  VKRZV WKH FORVHGZDNH FRQGLWLRQ IRU WKHVH
QR]]OHV DW:&3 ,Q DOO FDVHV WKHJDV IORZSDWWHUQ LQ WKH FORVHGZDNH FRQGLWLRQ VKRZV WZR
UHFLUFXODWLRQ ]RQHV RQH EHWZHHQ WKH PHOW QR]]OH WLS DQG WKH 0DFK GLVN DQG RWKHU GRZQ
VWUHDPRI0DFKGLVN
'&)'VLPXODWLRQRIJDVIORZZLWKWKH&'JDVGLH
$YHORFLW\FRQWRXUSORWIRUWKHPHOWQR]]OHVEHLQJLQYHVWLJDWHGZKHQFRPELQHGZLWKWKH&
'JDVGLHDUHGHSLFWHGLQ)LJXUHIRUDJDVLQOHWSUHVVXUHRI03D$WWKLVSUHVVXUHWKHJDV
IORZ LV RYHUH[SDQGHG 7KH JDV IORZ GRZQVWUHDP RI WKH PHOW QR]]OH LV LQ WKH RSHQZDNH
FRQGLWLRQZLWK D VHULHVRI3UDQGWO0H\HUZDYHVEHLQJ IRUPHG IXUWKHUGRZQVWUHDP6LPLODU
UHVXOWVDUHREVHUYHGDWDOOSUHVVXUHVXSWR03DLPDJHVDUHQRWSUHVHQWHG LUUHVSHFWLYHRI
ZKHWKHUWKHJDVHPHUJLQJIURPWKHMHWVLVLQWKHRYHURUXQGHUH[SDQGHGFRQGLWLRQ7KLVLV
FRQVLVWHQWZLWK WKHH[SHULPHQWDOGDWDZKHUHLQQRVLJQLILFDQWFKDQJH LQ WKHZDNHFRQGLWLRQ
ZDVREVHUYHGZLWKLQFUHDVLQJJDVSUHVVXUH+RZHYHUE\LQFUHDVLQJWKHJDVSUHVVXUHDERYH
03DZDNHFORVXUHZDVREVHUYHGLQDOOIRXUQR]]OHVZLWKWKHHVWLPDWHGYDOXHVIRUWKH:&3
EHLQJVKRZQLQ7DEOH,
 )LJXUHVKRZVWKHFORVHGZDNHFRQGLWLRQIRUDOOQR]]OHVDW:&3IRUHDFKRIPHOWQR]]OHLQ
7DEOH,,QQR]]OHVW\SHDQGWKHFORVHGZDNHFRQGLWLRQDVHYLGHQFHGE\WKHIRUPDWLRQRI
D0DFKGLVNRFFXUUHGDW03DZKLOHLQQR]]OHW\SHVDQGLWRFFXUUHGDWSUHVVXUHVRI
03DDQG03DUHVSHFWLYHO\,WVHHPVWKDWDVZLWKWKHFKRNHGGLHWKHFORVHGZDNH
FRQGLWLRQRFFXUVLQQR]]OHW\SHVDQGDWDKLJKHUJDVSUHVVXUHWKDQIRUQR]]OHW\SHVDQG
DOWKRXJKWKHGLIIHUHQFHLQ:&3EHWZHHQWKHIRXUQR]]OHVLVPXFKUHGXFHGFRPSDUHGWRWKH
FDVHLQZKLFKDFKRNHGGLHLVXVHG
9'LVFXVVLRQ
7KH H[SHULPHQWDO DQG &)' VWXGLHV VKRZ WKDW WKH PRVW VLJQLILFDQW GLIIHUHQFH LQ :&3 ZDV
REVHUYHG EHWZHHQ QR]]OH W\SHV  DQG  7KH WUDQVLWLRQ EHWZHHQ WKH RSHQ WR FORVHGZDNH
FRQGLWLRQDSSHDUVWREHLQIOXHQFHGE\WKHFRPELQHGHIIHFWVRIWKHLQWHUQDOSURILOHRIWKHPHOW
QR]]OHDQG WKHVKDSHRI WKH UHVXOWLQJ UHFLUFXODWLRQ]RQH WKDW IRUPV$XVHIXO ILUVW VWHS LV WR
FODULI\KRZWKHFORVHGZDNHRFFXUVIRUHDFKQR]]OHDW:&3LQWHUPVRIFRQVLGHULQJKRZWKH
IORZEHKDYLRXUFKDQJHVDVLQOHWSUHVVXUHLQFUHDVHV7RDLGZLWKWKLVH[SODQDWLRQQR]]OHW\SH
KDVEHHQFKRVHQDVDUHIHUHQFHFDVHWRLQYHVWLJDWHWKHIORZEHKDYLRXUOHDGLQJWR:&37KH
EHKDYLRXU RI WKH RWKHU QR]]OHV FDQ WKHQ EH XQGHUVWRRG UHODWLYH WR WKLV FDVH ,Q WKH
H[SHULPHQWDODQG&)'VWXG\WKLVQR]]OHZDVREVHUYHGWRKDYHD:&3RI03DDQG
03D UHVSHFWLYHO\ IRU WKH FKRNHG GLH 7KH NH\ IORZ EHKDYLRXU REVHUYHG DV WKH SUHVVXUH LV
LQFUHDVHGWRZDUGV:&3IRUQR]]OHW\SHLVRXWOLQHGLQ)LJXUH
$VVHHQLQ)LJXUHDWDJDVSUHVVXUHRI03DWKHRSHQZDNHFRQGLWLRQLVHYLGHQWWKHJDV
OHDYHV WKHGLHDQG LVVHHQ WRH[SDQGUDSLGO\DV LWPRYHVDZD\IURPWKHGLHH[LW ,W IRUPVD
µFRQYH[ OHQV¶ VKDSH DV WKH IORZ ILUVW H[SDQGV WKHQ FRQWUDFWV 7KLV VLWXDWLRQ FDXVHV
UHFRPSUHVVLRQVKRFNVWRIRUPDURXQGWKHFLUFXPIHUHQWLDOHGJHRI WKHPHOWQR]]OH WLSZKLFK
UHGXFH WKH JDV YHORFLW\ 7KH JDV UHDFFHOHUDWHV WKHQ GHFHOHUDWHV IRUPLQJ D VHW RI 3UDQGWO
 0H\HUZDYHVDORQJWKHFHQWUDOD[LV,WFDQEHVHHQWKDWDUHFLUFXODWLRQ]RQHIRUPVMXVWGRZQ
VWUHDPRIWKHPHOWQR]]OHWLSDQGEHQHDWKWKHH[SDQGLQJJDVMHW,QFUHDVLQJWKHJDVSUHVVXUHWR
03DFDXVHVDQH[SDQVLRQRIWKHFRQYH[OHQVVKDSHJDVZDYHLQERWKGLUHFWLRQVOHQJWKDQG
ZLGWK7KHUHFLUFXODWLRQ]RQHZKLFKLVVXUURXQGHGE\WKHH[SDQGLQJJDVZDYHLVVTXHH]HG
GRZQZDUGVE\WKHH[SDQGLQJJDVZDYH7KLVFDXVHVDFKDQJHLQERWKVKDSHDQGVL]HRIWKH
UHFLUFXODWLRQ]RQHFRPSDUHG WR WKHSUHYLRXV ORZHU LQOHWJDVSUHVVXUH)LJXUH)LQDOO\DW
WKH:&303DWKHUHFLUFXODWLRQ]RQHLVSLQFKHGRIIE\WKHIXUWKHUH[SDQVLRQRIWKHJDV
ZDYHDQGD0DFKGLVNLVVHHQWRIRUP7KHWUDQVLWLRQWRWKHFORVHGZDNHFRQGLWLRQLVGXHWR
WKHH[SDQGLQJJDVLQFUHDVLQJLQVL]HWRWKHH[WHQWWKDWLWUHFRQQHFWVZLWKLWVHOIRQWKHFHQWUDO
D[LV,W LVLPSRUWDQWWRQRWHWKDWWKLVPHFKDQLVPIRUWKHWUDQVLWLRQIURPWKHRSHQWRFORVHG
ZDNHFRQGLWLRQLVREVHUYHGWRRFFXULQDVLPLODUPDQQHUH[SDQGLQJJDVZDYHUHFRQQHFWLQJ
ZLWKLWVHOIRQWKHFHQWUDOD[LVIRUDOOQR]]OHW\SHVWHVWHGLQWKHH[SHULPHQWVEXWDWGLIIHUHQW
JDVSUHVVXUHV
7KHRSHQWRFORVHGZDNHWUDQVLWLRQIRUQR]]OHW\SHZLWKWKH&'JDVGLHDOVRZDVVHHQWR
IROORZ WKH VDPH WUHQG EXW ZLWK WKH &' JDV GLH DOZD\V WUDQVLWLRQLQJ DW D KLJKHU :&3
0RUHRYHU WKH GLIIHUHQFH EHWZHHQ WKH :&3 IRU WKH YDULRXV QR]]OHV FRQVLGHUHG ZDV PXFK
VPDOOHUZKHQWKH&'GLHZDVXWLOLVHGUHODWLYHWRWKDWIRUWKHFKRNHGGLH7RLQYHVWLJDWHWKLV
EHKDYLRXU WKHGLIIHUHQFH LQ WKHJDV IORZEHWZHHQ WKH FKRNHG DQG&'JDVGLH IRU DJLYHQ
QR]]OHGHVLJQLVFRQVLGHUHG)LJXUHVKRZVWKHYHORFLW\ILHOGIRUDW\SHQR]]OHZLWKERWK
D&'DQGDFKRNHGJDVGLHDWWKHVDPHJDVLQOHWSUHVVXUHV$VQRWHGDKLJKHU:&3LVIRXQG
LQWKHFDVHRIWKH&'GHVLJQ7KHUHDVRQIRUWKLVFDQEHXQGHUVWRRGLQWKHFRQWH[WRIKRZWKH
ZDNH FORVXUH RFFXUV ,Q WKH FDVH RI WKH &' GHVLJQ XSRQ H[LWLQJ WKH GLH WKH MHW GRHV QRW
H[SDQGWRWKHVDPHH[WHQWDVWKHFKRNHGGHVLJQZLWKDPRUHFROOLPDWHGMHWIRUWKH&'JDV
GLHFRPSDUHGWRFKRNHGGLH)LJXUH7KLVLVWREHH[SHFWHGIRUWKHFKRNHGGLHWKHLQOHW
DQG RXWOHW JDV SUHVVXUHV ZLOO EH WKH VDPH ZKHUHDV IRU WKH &' GLH WKH RXWOHW SUHVVXUH LV
 DSSUR[LPDWHO\RIWKHLQOHWSUHVVXUHGXHWRWKHFRQWUROOHGH[SDQVLRQRIWKHJDVLQVLGHWKH
MHW )RU ERWK GLHV ZKHQ FRQVLGHUHG LQGLYLGXDOO\ WKH ZLGWK RI WKH H[SDQGLQJ JDV ZDYH
LQFUHDVHVLQDQDSSUR[LPDWHO\OLQHDUPDQQHUZLWKMHWH[LWSUHVVXUH+RZHYHUQRFRUUHODWLRQ
RIH[SDQVLRQZDYHZLGWKZLWKSUHVVXUHLVSRVVLEOHEHWZHHQGLHVDV WKHH[LWSUHVVXUHLVYHU\
PXFKORZHULQWKH&'GLHWKDQLQWKHFKRNHGGLH
,Q WKH FDVH RI WKH FKRNHG GHVLJQ WKH ODUJHU ZLGWK RI WKH H[SDQGLQJ ZDYH SLQFKHVRII WKH
UHFLUFXODWLRQ]RQHDWDORZHUJDVSUHVVXUHFRPSDUHGWRWKH&'JDVGLH)LJXUHKHQFHWKH
ORZHU:&3,WVKRXOGEHQRWHGWKDWDVLPLODUWUHQGLVREVHUYHGIRUDOOPHOWQR]]OHVUHJDUGOHVV
RI PHOW WLS JHRPHWU\ ZLWK :&3 RFFXUULQJ DW D KLJKHU SUHVVXUH IRU WKH &' FDVH 7KLV
FRQGLWLRQLVDOVRVXSSRUWHGE\WKHDUJXPHQWRI7LQJHWDO>@WKDW:&3IRUD&'JDVGLHZDV
PHDVXUHGDWDJDVSUHVVXUHDERXW03D
7KHQH[WVWHSLVWRFRQVLGHUZK\:&3GHSHQGVXSRQPHOWQR]]OHWLSGHVLJQ7RGRWKLVQR]]OH
W\SH  LV FRPSDUHG WR W\SH  DV WKHVH WZR VKRZ WKH PRVW VLJQLILFDQW GLIIHUHQFH LQ :&3
)LJXUH  FRPSDUHV WKH YHORFLW\ YHFWRU ILHOG IRU WKH FKRNHG DQG &' GLHV LQ WKHVH WZR
QR]]OHV7KHOHQJWKRIWKHFRQYH[OHQVVKDSHH[SDQGLQJJDVZDYHVIRUERWKQR]]OHVGHVLJQV
DUHQRWVLJQLILFDQWO\LPSDFWHGE\WKHFKDQJHLQSUHVVXUHEHLQJPPDW03DDQGPPDW
03DLUUHVSHFWLYHRIQR]]OHGHVLJQ+RZHYHUWKHVKDSHRIWKHH[SDQVLRQZDYHLVGLIIHUHQW
$VWKHJDVSUHVVXUHLVLQFUHDVHGIURPWR03DHDFKQR]]OHGLVSOD\VDFRQYH[OHQVVKDSH
JDVZDYH WKDW H[SDQGV LQERWK OHQJWKDQGZLGWKEXW LQ WKH W\SHQR]]OH WKLV LV UHVWULFW LQ
ZLGWK
$VDOVRVKRZQLQ)LJXUHWKHOHQJWKDQGVKDSHRIWKHUHFLUFXODWLRQ]RQHIRUPHGLQIURQWRI
WKHPHOW WLS LVGLIIHUHQW IRU WKH WZRQR]]OHV7KHKHPLVSKHULFDOVKDSHRI W\SH UHVXOWV LQD
UHFLUFXODWLRQ ]RQH WKDW SURGXFHV D IORZ RI JDV LQVLGH WKH PHOW WLS FDYLW\ $V D UHVXOW WKLV
FKDQJHVWKHGLUHFWLRQDWZKLFKWKHJDVLQWKHUHFLUFXODWLRQ]RQHPHHWVWKHLQFRPLQJJDVIURP
 WKH GLH )LJXUH  :KHWKHU WKHVH DUH FDXVDOO\ UHODWHG RU PDQLIHVWDWLRQV RI WKH VDPH
XQGHUO\LQJFDXVHLVGLIILFXOW WRHVWDEOLVK7KHGLUHFWLRQLQZKLFKWKHUHFLUFXODWLQJJDVPHHWV
WKHLQFRPLQJJDVZLOODOWHUWKHPRPHQWXPEDODQFHLQWKLVV\VWHP(TXDOO\WKHVKDSHRIWKH
PHOWGHOLYHU\QR]]OH LQIOXHQFHV WKH IRUPDWLRQDQGGLUHFWLRQRIREOLTXHVKRFNVDW WKHQR]]OH
WLS ZKLFK FRXOG DIIHFW ERWK WKH UHFLUFXODWLRQ SDWWHUQ DQG WKH GRZQVWUHDP JDV H[SDQVLRQ
ZDYH ,Q WKLV UHVSHFW ZH QRWH WKDW WKH LQWURGXFWLRQ RI FRQYH[FRQFDYH VXUIDFH LV FRPPRQ
SUDFWLFHLQWKHDHURVSDFHLQGXVWU\WRDOWHUWKHGLUHFWLRQDQGVLJQLILFDQFHRIREOLTXHVKRFNV

9,&RQFOXVLRQV
8VHRIDFRPELQDWLRQRI&)'DQG6FKOLHUHQLPDJLQJWHFKQLTXHVIRUREVHUYLQJDQGVLPXODWLQJ
WKHJDVIORZSDWWHUQVDURXQGWKHPHOWGHOLYHU\QR]]OHRID&ORVH&RXSOHG*DV$WRPL]HUKDV
UHYHDOHG UHDVRQDEOH DJUHHPHQW EHWZHHQ WKH QXPHULFDO DQG H[SHULPHQWDO UHVXOWV LQ
GHWHUPLQLQJWKH:&32EVHUYDWLRQRIJDVIORZSDWWHUQVDURXQGGLIIHUHQWPHOWQR]]OHVDQG
ZLWKWZRJDVGLHV\VWHPVFKRNHGDQG&'UHYHDOHGDVWURQJDQGSHUKDSVXQH[SHFWHGHIIHFW
RQ :&3 ZKLFK LV YHU\ VHQVLWLYH WR WKH HYHQ D VPDOO FKDQJH LQ WKH PHOW WLS JHRPHWU\
$FFRUGLQJ WR WKH&)'DQG WKH H[SHULPHQWDO UHVXOWV WKH FORVHGZDNH FRQGLWLRQ LV DFKLHYHG
ZLWKDFKRNHGGLHDWDWRPL]DWLRQJDVSUHVVXUHVRI03DIRUQR]]OHW\SHVDQG03D
IRU W\SH  DQG  03D IRU W\SH  2Q WKH RWKHU KDQG WKH &' JDV GLH WHVWHG LQ WKLV
LQYHVWLJDWLRQZKLFKZDVGHVLJQHG WRSURGXFH LGHDO H[SDQVLRQ DW DQ LQOHWJDVSUHVVXUHRI 
03DGLGQRWGLVSOD\ZDNHFORVXUHZLWKDQ\QR]]OHXQWLO WKHJDVSUHVVXUHH[FHHGHG03D
DQGRQO\DYHU\ZHDNGHSHQGHQFHRI:&3XSRQQR]]OHJHRPHWU\ZDVREVHUYHG+RZHYHULW
VKRXOGEHVWUHVVHGWKDWWKHVHUHVXOWDSSO\WRWKHVSHFLILF&'JDVGLHGHVLJQLQWKLVWHVWDQGWKH
:&3PD\EHGLIIHUHQWLIIRULQVWDQFHWKHDSH[DQJOHRULQWHUQDOSURILOHRIWKH&'JDVGLH
ZHUH FKDQJHG $OWKRXJK 7LQJ HW DO >@ UHSRUWHG DWRPL]HU RSHUDWLRQ DW VXFK KLJK JDV
 SUHVVXUHVDQGFORVHWRWKH:&3FRQGLWLRQPD\SURGXFHVILQHUSDUWLFOHVLWZLOODOVRLQFUHDVHV
SURGXFWLRQ FRVWV DQG JDV FRQVXPSWLRQ )LQGLQJ WKH DSSURSULDWH PDWFK RI GLH DQG QR]]OH
GHVLJQ DQG RSWLPLVLQJ WKH RSHUDWLQJ FRQGLWLRQV IRU WKH SDLULQJ UHPDLQV D VLJQLILFDQW
FKDOOHQJHIRUDWRPL]HUGHVLJQHUV
7KLVUHVHDUFKDOVRSURSRVHGDQHZH[SODQDWLRQUHJDUGLQJWRRSHQDQGFORVHGZDNHFRQGLWLRQ
IRUGLIIHUHQWPHOWWLSGHVLJQ%XLOGLQJXSRQWKHSUHYLRXVPRGHOE\7LQJHWDO>@ZKLFKODLG
PXFK RI WKH IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH ZDNH FORVXUH SKHQRPHQRQ WKH PRGHO
SURSRVHGLQWKLVUHVHDUFKH[SODLQVWKHRSHQWRFORVHGZDNHWUDQVLWLRQDVDIXQFWLRQRIJDVGLH
DQGPHOWWLSGHVLJQLQPRUHGHWDLOV,WZDVIRXQGWKDWWKHFORVHGZDNHFRQGLWLRQRFFXUVZKHQ
WKHFRQYH[OHQVVKDSHH[SDQGLQJJDVZDYHH[SDQGVJUDGXDOO\E\LQFUHDVLQJLQOHWJDVSUHVVXUH
XQWLO LWSLQFKHVRIIWKHUHFLUFXODWLRQ]RQH&RPSDULVRQEHWZHHQWKHYHORFLW\ILHOGVSURGXFHG
E\WKHFKRNHGDQG&'JDVGLHDWWKHVDPHLQOHWJDVSUHVVXUHLQVKRZHGWKDWWKHFRQYH[OHQV
VKDSHJDVZDYHLQWKH&'GLHLVPRUHFROOLPDWHGFRPSDUHGWRWKDWIRUWKHFKRNHGJDVGLH
OHDGLQJ WR DKLJKHU:&3 IRU WKH&'GLH&RPSDULQJ WKHYHORFLW\ ILHOGVEHWZHHQGLIIHUHQW
QR]]OH W\SHV VKRZHG WKH PHOW WLS SURILOH GHVLJQ DIIHFWV WKH VKDSH DQG OHQJWK RI WKH
UHFLUFXODWLRQ]RQH$VDUHVXOWQR]]OHVZLWKDQLQWHUQDOFDYLW\7\SHVRUDVVWXGLHGKHUH
KHOSWKHFRQYH[VKDSHGH[SDQGLQJZDYHH[SDQGIXUWKHUGRZQZDUGWRWKHUHFLUFXODWLRQ]RQH
DQGSLQFKHVRIIWKLVUHJLRQDWDORZHUJDVSUHVVXUHORZHU:&3

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)LJXUHV&DSWLRQV
)LJ6FKHPDWLFGLDJUDPRIJDVRQO\IORZLQD&&*$V\VWHPLQWKHOHIWRSHQDQGULJKW
FORVHGZDNHFRQGLWLRQV
 )LJ  6FKHPDWLF YLHZ RI WKH 7|SOHU 6FKOLHUHQ DSSDUDWXV XVHG WR LPDJH JDV IORZ LQ WKH
DQDORJXHDWRPL]HU
)LJ6FKHPDWLFYLHZRIDWKHIRXUPHOWQR]]OHXVHGLQWKLVVWXG\EWKHDQQXODUVOLWGLH
DQG QR]]OH FRQILJXUDWLRQ LQ WKH DQDORJXH DWRPL]HU VKRZQ IRU QR]]OH W\SH  DQG F WKH
FKRNHGDQG&'JDVMHWSURILOHDQGWKHGLVFUHWHMHWDUUDQJHPHQWLQWKHJDVGLH
)LJ7KHERXQGDU\FRQGLWLRQVDQGPHVKDSSOLHGRQWKHQXPHULFDOGRPDLQ
)LJ6FKOLHUHQLPDJHVRIWKHJDVIORZDURXQGWKHIRXUPHOWGHOLYHU\QR]]OHVLQYHVWLJDWHGLQ
WKLV VWXG\ ZKHQ XVHG ZLWK D FKRNHG F\OLQGULFDO GLH 8SSHU URZ VKRZV IORZ LQ WKH RSHQ
ZDNHFRQGLWLRQDWDSUHVVXUHRI03DORZHUURZVKRZVIORZLQWKHFORVHGZDNHFRQGLWLRQDW
WKH:&3
)LJ6FKOLHUHQLPDJHVRIWKHJDVIORZDURXQGWKHIRXUPHOWGHOLYHU\QR]]OHVLQYHVWLJDWHGLQ
WKLVVWXG\ZKHQXVHGZLWKD&'GLH8SSHUURZVKRZVIORZDWDSUHVVXUHRI03DORZHU
URZVKRZVIORZDWDSUHVVXUHRI03D$OOFDVHVDUHLQWKHRSHQZDNHFRQGLWLRQ
)LJ&)'9HORFLW\FRQWRXUVPVIRUWKHIRXUPHOWGHOLYHU\QR]]OHVLQYHVWLJDWHGLQWKLV
VWXG\ZKHQXVHGZLWKDFKRNHGF\OLQGULFDOGLHDWDJDVLQOHWSUHVVXUHRI03D
)LJ&)'9HORFLW\FRQWRXUVPV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